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Abstract 
Voltage source converter interfaced wind turbines connected 
to weak grids can induce system instability. A state space 
model is used in this paper to study the stability of large wind 
farms. Dynamics of the phase locked loop is integrated to the 
state space model. The advantage of this model is that it 
allows study the stability of systems with parallel wind 
turbines. Studies on the dynamic responses of the system 
show the importance of including phase locked loop as its 
existence can induce system instability especially under weak 
network conditions. This model can be used to study the 
stability of converter interfaced wind farms and helps to 
design the converter controller to ensure wind farm system 
stability when connected to weak grids.  
1 Introduction 
Variable speed wind turbines that use voltage source 
converters (VSC) for connecting to power grids are widely 
used. Vector current control is the most commonly used 
method for controlling the interface VSCs, though problems 
can arise when the connected power network is weak and 
systems can potentially become unstable. Many wind farms 
are being constructed in remote areas where the wind speed is 
high but grid strength is low. In addition, it is possible that the 
impedance could increase further due to faults, variation in 
the load and line trips [1]. Different filter schemes for 
reducing harmonic contents can be used to connect VSCs to 
grids. Third order LCL filters are good options due to their 
low cost and size [2]. However, using LCL filters can make 
the control of current loop more difficult and make the closed 
loop system more likely to become unstable [3].  
 
Many studies have been conducted to assess system stability 
of grid connected VSCs [2, 3]. However, in [2, 3] the 
dynamics of the phase locked loop (PLL), which can 
significantly affect system stability especially for weak 
networks[4], was not considered. In [5, 6] the analytical 
model of HVDC system is developed to study the stability of 
LCC-HVDC transmission link. In [5] the PLL is modelled by 
a state space representation and the PLL model in [5] is used 
in [7] to develop the analytical model of VSC-HVDC 
transmission. Also in [8] an analytical model of VSC-HVDC 
is developed which includes PLL dynamics expressed by a 
state-space model. However the d-axis voltage of the 
converter filter bus is selected as the reference for dq frame 
and thus, it becomes complicated when studying the 
dynamics of parallel converters since each converter has its 
own dq reference. Reference [9] tried to add PLL dynamics to 
converter dynamic model by using synchronous machines 
theory though the PLL dynamics was added to the feed 
forward grid voltage rather than to the converter voltage. In 
[10], the dynamics of PLL has been studied, but not as a part 
of the dynamic model of the VSC. The concept of Jacobean 
matrix of the AC grid is introduced in [11] which can be used 
to study VSC converters with power synchronization control 
but LWGRHVQ¶WLQFOXGH3//G\QDPLFV 
 
To study the stability of multiple grid connected VSCs, a state 
space model is developed and the true dynamics of the PLL is 
integrated to the model. In the developed model, the d-axis of 
the synchronous frame is aligned to the source voltage 
(similar to voltage oriented control) and the filter bus voltage 
at VSC terminal is used to derive PLL dynamics. This ensures 
systems which contain a number of parallel connected VSCs 
can be modelled accurately by considering each PLL 
separately. The stability studies carried out by this model can 
be used to design converter control systems to ensure system 
stability especially when the converter system is connected to 
weak grids.  
The paper is organized as follows. Dynamic system model 
including the PLL is described in Section II. In section 3, step 
response and root locus diagrams are used to assess the effect 
of PLL on system stability. Finally Section 4 draws the 
conclusions. 
2 System modelling including multiple clusters 
of wind turbines 
2.1 Converter model 
Figure 1 shows a simplified circuit layout of a grid connected 
VSC where ܴଵ and ܮଵ are the resistance and inductance of the 
converter reactor, ܥ  is the filter capacitor, ܮ௧௫ is the leakage 
inductance of the transformer. ܴ௡௘௧  and ܮ௡௘௧  represent the 
grid resistance and inductance, respectively. ߱௕ ൌ  ?ߨ ௕݂ is the 
base angular frequency of the system. 
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Figure 1. Schematic of VSC connected to power grid. 
 
The equivalent circuit of the system shown in Figure 1 is 
presented in Figure 2 in the synchronous reference frame and 
equation (1) shows the state space representation of the 
system shown in Figure 2. 
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Figure 2. Equivalent circuit of grid connected VSC in dq frame. 
 
Assuming a PI controller is used to control the converter 
current and its transfer function is given as ܩ௉ூ ൌ ܭ௣ ൅ ௄೔௦                                   (2) 
where ܭ௣ and ܭ௜ are the proportional and integral gains of the 
PI controller, respectively. The converter modulation can 
usually be modelled as a unit delay equal to half of its 
switching period as: ܩ௠௢ௗ௨௟௔௧௜௢௡ ൌ ଵఛǤ௦ାଵ                              (3) 
where ߬ represents the modulation delay (i.e. ߬ ൌ1/(2* ௦݂௪)). 
 
The task of the PLL is to determine the voltage vector 
position at the converter filter bus, i.e., Vc. Under ideal 
situation the actual phase angle of Vc (Tc in Figure 3) can be 
assumed to be the same as PLL measurement (TPLL in Figure 
3). So in this case the phase error between the angle of the 
filter bus voltage and the PLL measurement is zero as shown 
in Figure 3(a). When a disturbance happens (e.g. a change in 
the current / power, etc.), the filter bus voltage ஼ܸ will change 
accordingly and misalignment will occur between the phase 
angle measured by the PLL and actual phase angle of Vc, 
leading WR D SKDVH DQJOH HUURU RI ¨ș between ߠ஼ and ߠ௉௅௅ 
(Figure 3(b)). As the real control system only sees ߠ௉௅௅ thus 
to include the full dynamics of the PLL to the control system, 
WKHFRQYHUWHURXWSXWYROWDJHQHHGVWREHSKDVHVKLIWHGE\¨ș
A conventional PLL can be modeled by a PI controller and an 
integrator and its close loop transfer function of PLL is given 
as: 
୔୐୐ሺሻ ൌ ୩౦షౌైై Ǥୱା୩౟షౌైైୗమା୩౦షౌైై Ǥୱା୩౟షౌైై                       (4) 
where ୮షౌైై  and ୧ି୔୐୐  are the proportional and integral 
gains of the PI controller, respectively. 
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Figure 3. Positions of the actual and PLL measured filter bus voltage  
 
In [12] a model of AC side voltage on the dynamic model of 
LCC converters is presented. In this model the phase angle of 
AC side voltage is used to calculate the phase difference 
between the actual voltage phase angle and PLL output, and 
this phase difference is then added to the firing angles. The 
same concept will be used in this paper to calculate the phase 
difference but the phase difference will be used to rotate the 
converter output voltage.  
 
In the state space model shown in (1), ஼ܸ is one of the outputs 
and it is also used as the feed-forward term. As previously 
described, the phase error between the PLL measurement and 
the filter bus voltage are used to rotate the converter output 
terminal voltage vector as schematically shown in Figure 4. 
As shown, the phase angle rotation is shown as ݁୨ ?© and a 
new vector for converter terminal voltage is then obtained 
( ௖ܸ௢௡௩ᇱ ). 
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Figure 4. Simplified schematic of rotation because of PLL. 
Considering the angle error is usually fairly small, the 
rotating of the converter voltage can be simplified as (5). 
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Figure 5. Block diagram of dynamics of the system integrated with PLL dynamics 
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Figure 6. Single line diagram of two parallel converters with T line model
୨ ?© ൌ ቂ ?© െ ?© ?©  ?© ቃ ൎ ቂ  ? െ ?© ?©  ? ቃ            (5) 
Similarly, due to the small angle error, the inverse tan 
function (atanǻߠ) can be linearized as:  ?Ʌ ൌ  ൬୚ౙ೜௏೎೏൰ ൎ ൬୚ౙ೜௏೎೏൰                          (6) 
The final block diagram of the grid connected VSC with 
integrated PLL dynamics is shown in Figure 5. 
2.2 Cluster model 
In this section the dynamic model of parallel clusters of VSC 
is developed. Figure 6 shows the single line circuit of two 
parallel converters connected to the power grid through a 
step-up transformer (modelled as the inductance of Ltx_net) and 
transmission lines. The model developed in Section 2.1 is 
used to model each cluster of the VSCs. As the output of each 
cluster is current which is then connected to an inductor 
(transformer inductance), it is not allowed in simulation to 
connect current source to inductor (also modelled as current 
source). Thus, a very small capacitor ( ܥ௡௘௧) is added to the 
model as shown in Figure 6. Transmission line is modelled as 
a simple T section as shown in Figure 6. Pi equivalent of 
transmission line could also be used but with T section 
model, the order of the state space system will reduce by 4 
(80 less elements) which reduces the complexity of the state 
space model as well as the computation requirements. The 
state space model of the AC grid connection consists of 8 
states. Equation (7) shows the state space model of the AC 
grid connection. The schematic diagram of the cluster model 
of the system is shown in Figure 7.  
The states parameters of the AC grid connection are the 
voltages of the capacitors ܥ௡௘௧ and ܥ்௅, and the currents flow 
through the inductances ܮଷ  and ܮସ  (Figure 6). ௦ܸௗ  and ௦ܸ௤  in 
Figure 7 are the d and q-axis voltages of the grid and as the 
grid voltage is aligned to the d axis, ௦ܸௗ ൌ  ?݌Ǥ ݑǤ  and 
௦ܸ௤ ൌ  ?. By choosing the d-axis grid voltage as the reference 
instead of the output voltage of each cluster, multiple clusters 
of converters can be easily added in the model. So each 
cluster will be a stand-alone state space model which is 
connected to the AC grid connection state space model. 
As shown in Figure 7 the output currents of the clusters are 
the inputs for the AC grid connection state space model. It is 
possible to study the stability of any numbers of parallel 
clusters of turbines that are connected to grid as long as the 
output current of all the clusters are available. 
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Figure 7. Block diagram of dynamic model of parallel converters 
3 Model assessment and results 
The state-space model that was developed in Section 2 is now 
used to study the stability of the converter connected to the 
grid and the impact of various parameters on system stability. 
The results for single converter are presented first and then 
the parallel converter results will be discussed. The 
parameters of the studied system are given in Appendix. It 
should be noted that in each part all the parameters are 
constant other than the one that is being studied. The 
converter model represents 10 fully rated wind turbines 
which are connected to the power grid through voltage source 
converters. 
Figures 8 and 9 show the step responses of the d-axis current 
for the state space model and the time domain model 
(developed using Simulink) for different SCR values (3-10) 
and controller bandwidth (20-100Hz), respectively.
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Figure 8. d-axis current step response for different SCR when ܨ௡ ൌ  ? ?ܪݖ. 
 
 
Figure 9. d-axis current step response for different controller bandwidth 
when SCR=5. 
 
Figure 10. d-axis current transfer function poles  for different controller 
bandwidth when SCR=5. 
 
As can be seen from Figures 8 and 9, the dynamic 
performances for the time domain model and the state-space 
model are very similar which indicates that the state-space 
model represents the dynamics of the system very well.  
It should be mentioned that in Figure 8, grid connection is 
relatively strong and the impedance of the grid is fairly small 
compared to the converter coupling reactor and step up 
transformer impedance. Thus the variations of the source 
SCR have negligible impacts on the step response.  
 
Figure 10 shows the poles distribution (root locus) of the d-
axis current transfer function of the single converter for 
different controller bandwidth. As can be seen in figure 11, 
the major poles that influence the dynamic behaviour of the 
system are grouped in different groups. Group 1 and group 3 
of the poles are complex conjugate of the poles in group 2 
and 4, respectively. The directions of arrows show the 
movement of poles locus with increasing of the controller 
bandwidth. Pole in group 1 and 2 tend to move to the 
instability region if the controller bandwidth increases 
(becomes unstable if ܨ௡ ൐  ? ? ?ܪݖ). In contrast group 3 and 4 
poles tend to become unstable if the bandwidth decreases 
(becomes unstable if ܨ௡ ൏  ? ?ܪݖ.)  
 
Figure 11 shows the root locus of the d-axis current of a 
single converter for SCR variation. The directions of the 
arrows show the movement of the poles locus when 
decreasing the SCR. Poles in group 1 and 2 are the dominant 
poles in order to measure the stability of the system. As can 
be seen in Figure 11 if the SCR decreases (SCR < 2.5) the 
system becomes unstable. It should be noted that this 
µFULWLFDO¶YDOXHRISCR is based on the controller parameters 
and can be decreased by further tuning of the current 
controller.  
 
Figure 11. d-axis current transfer function poles for different SCR when ܨ௡ ൌ  ? ?ܪݖ. 
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 Figure 12 shows the d-axis current step responses for the time 
domain and state-space models when two clusters of wind 
turbines are considered in a wind farm. As can be seen in 
Figure 12, the step responses are very similar and it means 
that the state-space model is good enough to represent the 
wind farm in the stability studies. In Figure 12, the difference 
between two responses is due to the saturations in the time 
domain model that was not considered in the state-space 
model because of its non-linear characteristic. Figure 13 
shows the poles distribution for the d-axis current transfer 
function of cluster 1 when the SCR varies. The full system is 
from 32nd order.  
 
Figure 12. d-axis current step response for cluster 1 in the multiple cluster 
wind farm for SCR=5 and ܨ௡ ൌ  ? ?ܪݖ. 
 
The poles that affect the stability of the system are marked in 
2 groups which are complex conjugate. The directions of the 
arrows show the locus with decreasing the SCR. As can be 
seen in Figure 13, the poles tend to move to unstable region if 
the grid connection becomes weaker (becomes unstable when 
SCR < 3.1). Therefore, it can be concluded that it is more 
likely for parallel converters to become unstable compared to 
a single converter if the connection to grid is weak.    
 
Figure 14 further shows the major poles distribution of d-axis 
current transfer function for cluster 1 when the current 
controller bandwidth varies. As can be seen in Figure 14, 
there are 4 groups of major poles. The trend in the poles is the 
same as the trend in Figure 10. It is interesting to mention that 
with multiple converters (wind turbines) the current controller 
bandwidth has to be further limited. The controller becomes 
unstable if ܨ௡ ൐  ? ?ܪݖ  (due to group 3 and 4 poles) and ܨ௡ ൏  ? ?ܪݖ (due to group 1 and 2 poles). 
 
 
Figure 13. Poles distribution of  d-axis current transfer function for cluster 1 
in parallel converter structure,  ܨ௡ ൌ  ? ?ܪݖ for different SCRs. 
 
 
Figure 14. Major poles distribution of d-axis current transfer function for 
cluster 1 in parallel converter structure, SCR=5 for different controller 
bandwidth.  
4 Conclusions 
In this paper, a method to integrate the dynamics of phase 
locked loop to the state space model of a grid connected 
voltage source converter is introduced for assessing system 
stability. The propose method provides a convenient way for 
studying the stability of parallel VSCs connected to the same 
grid point via various connection lines. The main advantage 
of proposed dynamic model is to allow the study of the 
system stability during planning stage. 
The impacts of the grid strength and current controller 
bandwidth on system stability have been analysed. The 
results show that with multiple converters, current controller 
bandwidth has to be limited.  
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Appendix 
Parameter Value ݈ଵand ݈ଵԢ 0.2 p.u. ݈௧௫ and ݈௧௫Ԣ 0.1 p.u. ܥ and ܥԢ 0.1 p.u. ௕݂  ? ?ܪݖ ݈௧௫ ?௡௘௧ 0.1 p.u. 
Number of turbines in a 
cluster 
10 
Wind turbine rating  3MW 
Table 1. Model parameters 
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